Journal  of  Power  Sources  203  (2012)  57-64 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


in 

SllbaidtS 


Electrocatalysis  of  oxygen  reduction  at  electrodeposited  molybdenum 
phosphate-based  films 

Gisela  C.  Luque,  Jose  L.  Fernandez* 

Programa  de  Electroquimica  Aplicada  e  Ingenieria  Electroquimica  (PRELINE),  Facultad  de  Ingenieria  Quimica,  Universidad  Nacional  del  Litoral,  Santiago  del  Estero  2829  (S3000AOM), 
Santa  Fe  (Santa  Fe),  Argentina 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  2  September  2011 
Received  in  revised  form 
29  November  2011 
Accepted  30  November  2011 
Available  online  8  December  2011 


Keywords: 

Oxygen  reduction 
Molybdenum  phosphate 
Electrocatalysis 
Pt-free  cathodes 


This  work  reports  an  electrode  material  containing  molybdenum  phosphate  that  shows  a  very  inter¬ 
esting  behavior  as  an  electrocatalyst  for  the  reduction  of  oxygen  to  water  (ORR)  in  acid  medium.  The 
material  is  electrodeposited  on  a  glassy  carbon  electrode  from  a  solution  of  Mo(VI)  and  Co(II)  in  phos¬ 
phate  buffer  at  pH  =  7.  Cobalt  is  required  to  obtain  a  compact  and  uniform  film.  It  is  a  non-crystalline 
solid  conformed  by  metal  oxide  and  phosphate  groups  that,  according  to  XPS  analysis,  contains  mostly 
Mo(VI)  and  a  small  fraction  of  Mo(V).  Even  though  most  of  the  Co-containing  phase  dissolves  in  acid,  the 
film  keeps  its  integrity  and  shows  stable  ORR  activity  in  acid  at  very  low  overpotentials  (from  -0.3  V). 
The  observed  current  density  reaches  a  very  small  limiting  value  (~2  |jlA  cirr2 )  that  is  independent  of  the 
mass-transport  conditions  and  could  be  associated  to  the  small  fraction  of  Mo(V)  centers  that  function 
as  ORR  active  sites.  Although  the  film  is  thermally  stable  up  to  temperatures  of  400  °C,  by  heating  the 
material  at  temperatures  above  100°C  it  looses  its  unusual  ORR  activity  due  to  the  complete  oxidation 
ofMo(V)  to  Mo(VI). 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  search  of  alternative  platinum-free  electrocatalysts  for 
energy-conversion  devices  (i.e.  fuel  cells,  solar  electrolyzers)  has 
leaded  to  the  discovery  and  development  of  novel  electrode  mate¬ 
rials.  The  cathode  of  the  proton  exchange  membrane  fuel  cells 
(PEMFC)  is,  by  far,  one  of  the  research  topics  that  concentrate 
most  of  the  work  in  this  area  due  to  the  cost  and  poor  per¬ 
formance  of  present  Pt-based  oxygen  reduction  (ORR)  catalysts 
[1-3].  There  are  a  few  examples  of  ORR  electrocatalysts  free  of 
noble  metals  that  are  in  a  fairly  advanced  development  stage 
close  to  implementation  in  PEMFC  cathodes  [4].  The  evolution 
of  the  performance  of  all  these  materials  along  time  is  clearly 
observed  from  the  first  studies  that  showed  their  high  potential¬ 
ity.  Thus  for  example,  today  one  of  the  most  promising  materials  is 
based  on  composites  of  transition  metals  (Fe,  Co)  and  N-containing 
carbon-based  structures  [5,6],  which  were  developed  from  the 
early  works  done  on  Co  phthalocyanine  by  Jasinski  [7].  Other 
potentially  scalable  ORR  catalysts  are  the  metal  chalcogenides 
first  reported  by  Alonso  Vante  et  al.  [8],  and  the  films  based  on 
transition  metal  hexacyanometallates  developed  by  Itaya  et  al. 

[9]. 
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A  type  of  material  that  has  attracted  much  interest  from  catal¬ 
ysis  in  the  last  years  is  conformed  by  a  growing  variety  of  metal 
phosphates.  A  considerable  number  of  transition  metals  are  able  to 
form  one-,  two-  or  three-dimensional  framework  materials  built 
from  the  linkage  of  phosphate  and  metal  oxide  units  [10].  These 
phosphate-based  framework  solids  are  a  class  of  material  that 
remains  scarcely  explored  in  electrocatalysis  in  spite  of  the  great 
potentiality  of  these  structures.  For  example,  in  an  attempt  to 
develop  more  efficient  ORR  electrocatalysts,  platinum  was  sup¬ 
ported  on  iron  phosphate  films  by  Bouwman  et  al.  [11]  and  on 
Keggin  type  heteropolyacids  of  molybdenum  and  tungsten  by  Cho- 
jak  et  al.  [12].  A  recent  example  where  a  phosphate-based  film 
was  used  as  an  electrocatalyst  by  itself  was  reported  by  Kanan  and 
Nocera  [13].  They  performed  the  electro-synthesis  and  evaluation 
of  conductive  films  based  on  cobalt  polyphosphates  that  functioned 
as  electrocatalysts  for  oxygen  evolution  in  neutral  media  [13,14]. 
Similarly,  phosphate-based  films  should  work  as  ORR  catalysts  in 
acid  as  long  as  they  could  resist  the  highly  acid  environment  of 
the  PEMFC.  On  this  sense,  molybdenum-based  phosphates  [10,15] 
constitute  an  interesting  group  of  materials  for  this  application. 
This  transition  metal  has  already  been  the  object  of  various  studies 
in  electrocatalysis,  particularly  for  reduction  reactions  [16,17].  The 
interest  on  Mo  is  mainly  driven  for  its  ability  to  adopt  varied  oxi¬ 
dation  states  from  +3  to  +6,  and  to  form  mixed  valence  oxides  that 
are  conductive  and  stable  in  acid  environments  [18].  A  great  vari¬ 
ety  of  Mo-based  structures  that  combine  the  linkage  of  tetrahedral 
phosphate  and  octahedral  oxide  groups  (MoPOs)  was  synthesized 
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based  on  the  rich  chemistry  of  Mo(V)  [10,15].  These  MoPOs  extend 
from  zero-dimensional  (OD)  structures  that  are  based  on  multin- 
uclear  Mo— O  clusters  to  3D  open-framework  solids  synthesized 
by  hydrothermal  and  high-temperature  methods.  These  include 
ID  polymers  and  2D  layered  materials,  and  usually  involve  the 
participation  of  other  transition  metals  in  addition  to  an  alkali  or 
organic  cation  [10].  Some  of  these  compounds  have  shown  good 
conductivity  and  are  stable  in  acid  media  [19].  Taking  into  account 
the  promising  properties  of  this  type  of  material  and  the  lack  of 
information  on  its  electrocatalytic  behavior,  this  work  undertakes 
the  development  of  MoPO-modified  electrodes  for  ORR  studies.  In 
particular,  a  method  is  developed  for  the  electrosynthesis  of  com¬ 
pact  films  based  on  MoPOs  containing  a  second  transition  metal,  in 
this  case  Co,  and  incorporating  potassium  as  charge  compensating 
cation  (K-MoCoPO).  The  ORR  electrocatalytic  activity  and  stability 
of  these  films  in  acid  are  evaluated. 

2.  Experimental 

2.1.  Methods  and  instrumentation 

2.1.1.  Electrochemical  experiments 

Potentiostatic  electrodeposition,  cyclic  voltammetry  and  poten- 
tiostatic  steady-state  polarization  curves  were  performed  on 
rotating  disk  electrodes  (RDE)  using  a  potentiostat  Heka  PG340 
and  a  Radiometer-Copenhagen  EDI10000  motor-RDE  holder  con¬ 
trolled  by  a  Tachyprocesseur  speed  control  unit.  All  electrochemical 
measurements  were  carried  out  in  standard  three-electrode  cells 
at  room  temperature  (~25  °C). 

2.1.2.  Microscopic ,  spectroscopic  and  thermal  characterizations 

The  film  morphology  was  examined  by  optical  microscopy,  AFM 

and  SEM,  while  the  film  composition  was  analyzed  by  energy  dis¬ 
persive  X-ray  spectroscopy  (EDX),  XPS,  XRD  and  FTIR.  The  optical 
microscope  was  a  Nikon  model  Optiphot.  The  AFM  images  were 
measured  in  dynamic  mode  using  an  Agilent  5400  Scanning  Probe 
Microscope.  A  Zeiss  SUPRA40  FEG-SEM  and  a  JEOL  JSM-35C  SEM 
equipped  with  an  EDAX  energy  dispersive  spectrometer  were  used 
for  acquisition  of  SEM  images  and  EDX  elemental  microanaly¬ 
sis,  respectively.  The  XPS  analyses  were  performed  using  a  SPECS 
XPS/UPS/AES  system,  with  a  Mg/Al  dual  X-Ray  source  and  a  hemi¬ 
spherical  analyzer  PHOIBOS  150  in  FAT  mode.  For  XRD  and  FTIR 
measurements  the  film  was  electrodeposited  for  12h,  scrapped 
out  of  the  glassy  carbon  support,  and  ground  in  an  Agate  mortar. 
This  procedure  was  repeated  several  times  until  enough  pow¬ 
dered  sample  was  obtained.  XRD  patterns  were  measured  in  a 
Shimadzu  XD-D1  spectrometer  and  FTIR  spectra  were  recorded 
on  powder  samples  supported  in  KBr  pellets  using  a  Shimadzu 
IRPrestige-21  interferometer.  Thermogravimetric  analysis  (TGA) 
and  thermal  treatments  of  the  films  were  performed  in  a  thermo¬ 
balance  Mettler-Toledo  TGA/SDTA851e. 

2.2.  Chemicals  and  materials 

2.2.1.  Electrodes 

A  glassy  carbon  (GC)  RDE  (3  mm  diameter)  was  fabricated  by 
sealing  a  glassy  carbon  rod  (Alfa  Aesar)  in  the  center  of  a  cylindrical 
Teflon  shaft  and  further  polishing  with  a  sequence  of  unused  sand¬ 
papers  and  alumina  powder.  Each  time  before  utilization,  the  RDE 
was  polished  in  this  way  and  cleaned  using  an  ultrasonic  cleaner. 
For  certain  electrodes  that  were  subjected  to  thermal  treatments 
or  UHV  analysis  (SEM,  EDX,  XPS),  the  RDE  were  fabricated  from  a 
glassy  carbon  plate  (Alfa  Aesar,  1  mm  thickness)  in  such  a  way  that 
the  plates  were  removed  from  the  Teflon  shafts  after  film  deposi¬ 
tion.  A  calomel  reference  electrode  in  KCl(sat)  (SCE)  and  a  reversible 
hydrogen  electrode  prepared  in  situ  (RHE)  were  used  as  reference 


Fig.  1.  Cyclic  voltammogram  of  a  glassy  carbon  RDE  (1500  rpm)  in  0.1  M  potassium 
phosphate  buffer  (pH  =  7)  containing  0.07  M  Mo(VI)  and  0.001  M  Co(II).  Scan  rate: 
50mVs_1. 

electrodes  in  electrodepositions  and  ORR  evaluations,  respectively. 
Large  area  gold  wires  were  used  as  counter-electrodes. 

2.2.2.  Chemicals 

Phosphate  buffer  solutions  (pH  =  7)  were  prepared  from 
dibasic  potassium  phosphate  (K2HP04,  Merck)  and  phospho¬ 
ric  acid  85  wt.%  (H3P04,  Cicarelli).  Ammonium  heptamolybdate 
tetrahydrate  ((NH4)6Mo70244H20,  Aldrich)  and  cobalt  sulfate 
heptahydrate  (CoS04-7H20,  Carlo  Erba),  were  used  as  sources  of 
Mo(VI)  and  Co(II)  in  the  electrodeposition  solutions.  For  elec¬ 
trocatalytic  evaluations,  sulfuric  acid  95-97  wt.%  (H2S04,  Merck), 
hydrogen  peroxide  30 wt.%  (H202,  Cicarelli)  and  research  grade 
gases  (02  and  N2  99.999%,  Indura)  were  used.  Water  employed  in 
all  experiments  was  deionized  with  an  exchange  resin,  doubly  dis¬ 
tilled,  and  filtered  with  a  Purelab  purifier  (Elga  Labwater,  resistivity 
>18.2  MC2  cm). 

3.  Results  and  discussion 

3.1.  Electrodeposition  of  K-MoCoPO  films 

3.1.1.  Voltammetry  of  glassy  carbon  in  Mo(VI)—Co(II)  neutral 
solution 

Fig.  1  shows  the  cyclic  voltammogram  (CVs)  of  a  polished  GC 
RDE  (aj  =  1500  rpm)  in  0.1  M  potassium  phosphate  buffer  solution 
at  pH  =  7  (PBS)  containing  0.07  M  Mo(VI)  and  0.001  M  Co(II).  There 
is  a  range  of  Mo  and  Co  concentration  ratios  (Mo/Co  >  20)  where  the 
CV  shows  the  same  features  and  is  essentially  similar  to  that  regis¬ 
tered  in  solution  containing  no  cobalt.  This  indicates  that  the  charge 
transfer  processes  observed  in  the  CV  of  Fig.  1  are  related  to  elec¬ 
trode  reactions  involving  only  Mo.  The  first  forward  scan  in  cathodic 
direction  shows  two  reduction  waves  at  E  =  -0.38  V  and  -0.71V  vs. 
SCE.  The  first  peak  could  be  associated  with  the  reduction  of  Mo(VI) 
to  Mo(V)  (-0.38  V)  [20].  The  peak  observed  at  -0.71  V,  which  com¬ 
mences  at  potentials  of  around  -0.6  V,  is  probably  associated  with 
the  reduction  to  Mo(IV)  and  simultaneous  formation  of  a  film  that 
deactivates  the  electrode  and  causes  a  current  drop.  Thus,  the  CV 
shows  peaks  instead  of  limiting  currents  in  spite  that  the  electrode 
is  rotated.  At  potentials  more  negative  than  -  IV  the  reduction  cur¬ 
rent  increases  exponentially  due  to  hydrogen  evolution,  which  is 
visually  confirmed  by  observation  of  H2  bubbles  on  the  electrode 
surface  at  E  <  - 1 .2  V  vs.  SCE.  The  first  anodic  scan  shows  only  an  oxi¬ 
dation  wave  at  E  =  -0.68  V  which  is  probably  due  to  the  re-oxidation 
of  Mo(IV)  to  Mo(VI).  The  successive  cycles  of  the  CV  show  stable 
behaviors  although  the  currents  are  smaller  than  those  from  the 
first  cycle  and  the  peaks  are  not  longer  defined.  The  modification 
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Fig.  2.  Chronoamperometric  curves  of  a  polished  3-mm  diameter  GC  RDE 
(1500  rpm)  in  0.1  M  potassium  phosphate  buffer  (pH  =  7)  containing  0.07  M  Mo(VI) 
and  0.001  M  Co(II).  Ed  (V  vs.  SCE)  =  -0.5  (a),  -0.7  (b),  -0.9  (c),  -1.2  (d). 

of  the  GC  surface  by  deposition  of  a  film  is  confirmed  by  visual 
examination  of  the  electrode. 

3.1.2.  Potentiostatic  electrodeposition 

The  polished  GC  RDE  was  subjected  to  potentiostatic  steps  with 
different  deposition  potential  (Ed)  values  in  the  range  -1.2V<Ed 
vs.  SCE  <  -0.4  V  during  different  deposition  times  (td).  These  poten¬ 
tiostatic  experiments  were  carried  out  in  order  to  establish  the 
potential  domain  where  electrodeposition  of  a  film  takes  place  and 
to  analyze  the  effect  of  Ed  and  td  on  the  film  properties.  The  result¬ 
ing  chronoamperometric  curves  obtained  at  selected  potentials  are 
shown  in  Fig.  2.  A  deposit  is  only  detected  (optically  and  by  AFM) 
for  Ed  <  -0.6  V,  since  for  larger  Ed  values  the  electrode  topography 
resulted  similar  to  that  of  a  polished  GC.  This  agrees  with  the  deac¬ 
tivation  observed  in  the  CV  at  E  <  0.5  V.  Thus,  taking  into  account 
the  electro-reduction  peaks  detected  in  the  CV,  it  can  be  inferred 
that  the  deposition  of  the  film  occurs  by  a  reduction  and  simul¬ 
taneous  precipitation  of  Mo(IV)  species.  As  will  be  shown  below, 
films  obtained  at  Ed  <  -1.3  V  or  td  >  5  min  were  not  uniform.  Thus, 
the  electrodes  studied  in  this  work  were  prepared  by  potentiostatic 
steps  using  Ed  =  - 1 .2  V  vs.  SCE. 

An  issue  that  was  analyzed  in  this  work  was  the  effect  of  ther¬ 
mal  treatments  on  the  film  integrity  and  electrochemical  behavior. 
To  carry  out  this  analysis,  electrodeposited  K-MoCoPO  films  were 
scraped  off  from  the  GC  support  and  analyzed  by  TGA  under  inert 
atmosphere.  Only  a  mass  loss  around  100°C  was  observed  due 
to  removal  of  physically  absorbed  water,  and  a  less  pronounced 
mass  decay  was  detected  upon  heating  up  to  600  °C,  probably  due 
to  removal  of  structural  water  [19,21].  Based  on  this  evidence,  I<- 
MoCoPO  films  deposited  on  GC  were  thermally  treated  at  200, 400 
and  600  °C  for  1  h  under  N2  for  further  ORR  evaluation. 

3.2.  Characterization  of  K-MoCoPO  films 

3.2.1.  Morphology  of  the  electrodeposits 

The  as-prepared  K-MoCoPO  films  (Ed  =  - 1 .2  V  vs.  SCE,  td  =  5  min) 
present  a  brownish  tint  and  a  uniform  appearance  along  the  whole 
RDE  surface.  SEM  analysis  indicates  that  these  films  are  compact, 
and  only  minor  micro-cracks  and  craters  can  be  observed,  as  those 
observed  in  the  micrograph  of  Fig.  3a.  This  morphology  contrasts 
with  that  observed  on  films  prepared  using  the  same  conditions  but 
without  cobalt  in  the  deposition  solution  (Fig.  3b).  The  morphologi¬ 
cal  features  of  films  containing  only  molybdenum  (K-MoPO)  and  of 
K-MoCoPO  films  are  remarkably  different.  While  the  K-MoPO  film 
is  cracked  and  presents  a  fragmented  topography  typical  of  vitreous 
films  such  as  the  molybdenum  oxides  [20],  the  K-MoCoPO  deposit 
develops  as  a  uniform  layer.  On  prolonged  depositions  (td  >  5  min) 
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Fig.  3.  SEM  micrographs  of:  (a)  Electrodeposited  K-MoCoPO  film  on  GC,  £d  =  -1.2  V, 
td  =  5min;  (b)  electrodeposited  K-MoPO  film  on  GC,  £d  =  -l-2V,  td  =  5min;  (c)  elec¬ 
trodeposited  K-MoCoPO  film  on  GC,  £d  =  -1.5  V,  td  =  5  min. 

and/or  very  cathodic  Ed  values  (<-1.3  V  vs.  SCE)  the  K-MoCoPO 
deposits  still  resulted  uniform,  although  they  presented  a  larger 
density  of  micropores  and  craters  (Fig.  3c).  These  pores  are  probably 
formed  due  to  gas  evolution. 

The  film  morphology  at  the  nanometer  scale  is  better  observed 
in  topographical  and  phase  AFM  images  like  those  shown  in  Fig.  4a. 
It  is  verified  that  the  surface  is  conformed  by  at  least  two  phases 
with  different  morphological  features.  One  phase  grows  as  nano¬ 
metric  nodules.  The  other  phase  develops  as  a  flat  film  that  extends 
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Fig.  4.  Topographic  and  phase  AFM  images  of  a  GC-supported  electrodeposited  K-MoCoPO  film  (Ed  =  -1.2  V,  td  =  5  min):  without  thermal  treatment  (a),  thermally  treated  at 
200  °C  (b),  400  °C  (c),  and  600  °C  (d). 


over  the  surface  surrounding  the  nodules  and  forming  a  grid.  The 
AFM  phase  images  show  a  strong  contrast  between  the  regions 
covered  by  the  net-type  layer  and  the  rest  of  the  surface.  This  indi¬ 
cates  that  this  layer  may  be  of  a  different  chemical  nature  than  the 
nodules. 

Upon  heating  at  200  °C  under  inert  atmosphere  the  film  keeps  its 
integrity.  However,  the  AFM  images  (Fig.  4b)  show  that  the  sizes  of 
the  nodules  are  significantly  larger  and  the  existence  of  two  phases 
is  not  longer  observed.  Heating  at  higher  temperatures  induces  film 
rearrangements  like  those  observed  in  Fig.  4c  and  d.  Films  that 
were  heated  at  400  °C  show  a  very  rough  morphology  with  large 
particles.  The  film  integrity  collapses  after  heating  at  600  °C. 

3.2.2.  Chemical  characterization 

EDX  was  used  to  identify  elements  that  constitute  the  elec¬ 
trodeposits.  The  EDX  spectra  obtained  on  different  10  p,m  x  10  fxm 
regions,  such  as  that  shown  in  Fig.  5a,  identify  the  Ka  lines  of  P,  K, 
and  Co,  and  the  L  lines  of  Mo.  A  molar  P:Mo:K:Co  ratio  of  approx¬ 
imately  2:3:4:1  was  estimated  from  the  EDX  spectra  measured 
on  different  areas.  These  ratios  are  only  indicative  since  the  film 
morphology  and  the  Mo(L)  line  are  not  ideally  suited  to  perform  a 
quantitative  EDX  microanalysis. 

X-ray  diffraction  (XRD)  spectra  of  films  electrodeposited  at 
Ed  =  -1.2V  vs.  SCE  and  that  were  scraped  off  from  the  support 
showed  no  detectable  crystalline  phases,  even  after  thermal  treat¬ 
ments  at  600  °C.  This  indicates  the  presence  of  a  disordered  but 
stable  phase.  The  FTIR  analysis  of  the  as-prepared  material  resulted 
in  IR  spectra  as  that  shown  in  Fig.  5b.  The  observed  absorption  bands 
are  broad  and  not  very  intense.  These  bands  are  located  at  frequency 
values  close  to  those  reported  for  a  cobalt  phosphomolybdate 
synthesized  by  a  hydrothermal  method  [22].  The  presence  of  phos¬ 
phate  is  verified  by  a  strong  and  broad  band  at  1 050  cm-1  associated 
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Fig.  5.  (a)  EDX  spectra  of  a  K-MoCoPO  film  electrodeposited  on  GC  (£d  =  -1.2V, 
td  =  5  min),  (b)  FTIR  spectrum  of  electrodeposited  K-MoCoPO  (Ed  =  -1.2  V)  scrapped 
off  from  the  GC  support. 


to  the  v(P — O)  mode.  The  presence  of  linked  oxygen-coordinated 
molybdenum  groups  is  verified  by  a  partially  overlapped  band 
at  970  cm-1  assigned  to  the  v(Mo=0)  mode  and  a  minor  band 
at  730  cm-1  associated  with  the  v(Mo— O— Mo).  The  weak  bands 
detected  in  the  frequency  interval  between  550  and  700  cm-1  are 
probably  related  to  the  v(Co— O)  modes  [23].  The  broad  band  at 
~3500cm-1  can  be  attributed  to  v(OH)  and  v(HO— H-  •  O)  modes 
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Fig.  6.  Mo  3d,  Co  2p  and  P  2p  XPS  spectra  of  a  K-MoCoPO  film  electrodeposited  on 
GC  (Ed  =  - 1 .2  V,  td  =  5  min).  Dots :  experimental  points ;  solid  lines :  theoretical  spectra 
composed  of  peaks  fitted  to  Gaussian  functions  (dashed  lines). 


from  physically  absorbed  and  structural  water.  The  IR  spectra  of 
films  that  were  thermally  treated  keep  these  features,  except  by 
the  intensities  of  the  bands  from  water,  which  are  significantly 
decreased.  These  XRD  and  FTIR  results  permit  to  infer  that  the 
amorphous  film  is  composed  of  oxygen-coordinated  molybdenum 
and  cobalt  groups  linked  with  phosphate  groups.  No  crystalline 
molybdenum  or  cobalt  oxide  phases  (e.g.  Mo03,  Mo02,  Co203,  etc.) 
are  present  in  detectable  amounts  even  after  possible  crystal  grow¬ 
ing  by  thermal  treatments. 

The  XPS  spectra  measured  on  a  K-MoCoPO  film  in  the  energy 
regions  of  Mo  3d,  Co  2p  and  P  2p  levels  are  shown  in  Fig.  6.  Two 
pairs  of  signals  are  observed  in  the  Mo  3d  region.  The  two  main 
peaks  at  233.0  eV  (3d5/2)  and  236.1  eV  (3d3/2)  are  typical  of  Mo(VI) 
[24,25].  The  third  peak  that  is  detected  at  lower  energy  (231.4  eV) 
as  a  shoulder  is  probably  due  to  the  3d5/2  signal  of  Mo  in  a  lower  oxi¬ 
dation  state  [26],  most  likely  Mo(V)  [22,24,27].  A  weak  fourth  peak 
from  the  3d3/2  signal  of  the  lower-valence  Mo  should  also  show 
up  at  234.5  eV.  The  Mo  3d  spectra  of  K-MoPO  and  of  K-MoCoPO 
thermally  treated  at  200  °C  only  show  the  first  pair  of  signals  cor¬ 
responding  to  Mo(VI).  Even  though  the  material  was  deposited  by 
electro-reduction  of  molybdenum,  the  species  detected  at  the  sur¬ 
face  was  mostly  Mo(VI).  This  could  be  explained  by  the  oxidation  of 
the  reduced  molybdenum  at  the  surface  with  oxygen  [28]  when  the 
material  was  exposed  to  air.  Notwithstanding,  a  fraction  of  Mo(V) 
remained  in  a  reduced  state  at  the  film  surface.  The  Co  2p  region 
shows  the  peaks  at  782  eV  (2p 3/2)  and  797.9 eV  (2p1/2),  and  their 
respective  satellites  at  slightly  larger  binding  energies,  which  are 
typical  of  Co(II)  oxides  [29].  In  the  P  2p  region  the  observed  line 
at  134.1  eV  is  typical  of  phosphates  [22,25].  These  results  indicate 
the  presence  in  the  film  of  a  small  fraction  of  a  reduced  molyb¬ 
denum  phosphate  which  formation  is  induced  by  the  presence 
of  cobalt  in  the  electrodeposition  solution.  This  phase  is  ther¬ 
mally  unstable  and  is  not  longer  observed  upon  heating  the  film  at 
200  °C. 


Fig.  7.  (a)  Cyclic  voltammograms  of  a  K-MoCoPO  film  electrodeposited  on  a  GC 
RDE  (£d  =  —1.2  V,  td  =  5min)  in  0.5  M  H2SO4  saturated  with  N2.  (b)  Stable  CV  of  the 
same  K-MoCoPO  film  in  0.5  M  H2SO4  saturated  with  N2  (I),  and  with  02  (II).  The 
CVs  measured  during  the  saturation  with  02  were  omitted.  Scan  rate  =  lOmVs-1. 
a>  =  1500  rpm. 

3.3.  Oxygen  reduction  electrocatalysis  in  acid 

3.3. 1 .  Cyclic  voltammetry  in  acid 

A  typical  CV  in  N2-saturated  0.5  M  FI2S04  of  the  as-prepared  K- 
M0C0PO  film  deposited  on  a  GC  RDE  ( 1 500  rpm)  is  shown  in  Fig.  7a. 
The  first  forward  scan  shows  an  oxidation  peak  at  0.25  V  vs.  RFIE, 
which  is  not  observed  in  the  following  cycles.  This  peak  is  proba¬ 
bly  associated  with  the  irreversible  oxidation  and  dissolution  of  a 
phase  containing  Mo  and  Co.  Upon  continuous  potential  cycling  the 
CV  reaches  a  reproducible  stable  shape  with  features  barely  differ¬ 
ent  to  those  observed  on  clean  glassy  carbon.  The  CVs  of  thermally 
treated  films  showed  essentially  the  same  features  and  much  larger 
capacitive  currents  as  an  indication  of  larger  electroactive  surface 
areas. 

As  can  be  seen  in  Fig.  7b,  upon  saturation  of  the  solution  with  02 
the  CV  is  shifted  to  more  negative  currents  over  a  potential  range 
E  <  1 V  vs.  RFIE.  This  shift  is  most  likely  associated  with  the  reduction 
of  dissolved  oxygen  on  the  film  and  indicates  that  this  material  is 
active  for  the  ORR  in  acid.  It  should  be  noted  that  the  cathodic  cur¬ 
rents  are  rather  small  (not  larger  than  0.1  p,A  in  absolute  value)  over 
most  of  the  potential  range.  An  exponential  increase  of  the  current 
is  only  observed  for  E  <  0.3  V  vs.  RHE,  but  the  mass-transport  limit¬ 
ing  value  is  not  reached  over  the  analyzed  potential  range.  The  small 
cathodic  current  is  independent  of  the  film  thickness.  However,  an 
early  exponential  increase  of  the  current  (already  from  E  <  0.5  V  vs. 
RHE)  is  verified  on  films  synthesized  by  repetitive  depositions.  In 
this  context,  it  is  obvious  that  this  material  is  still  unpractical  as  ORR 
electrocatalysts.  However,  taking  into  account  that  this  is  a  Pt-free 
material,  it  shows  a  very  interesting  behavior  since  the  overpoten¬ 
tials  (r]  =  E-E°,  where  E°  =  1.23  V  vs.  RHE)  to  observe  ORR  currents 
are  rather  small  (77  <  -0.3  V).  A  deeper  analysis  is  required  to  under¬ 
stand  the  origin  of  the  small  ORR  currents  observed  at  such  a  low 
overpotentials. 

3.3.2.  Steady-state  oxygen  reduction 

As  the  potentiodynamic  cathodic  current  observed  in  presence 
of  dissolved  02  could  be  caused  by  pseudocapacitive  processes, 
steady  state  (SS)  measurements  were  carried  out.  These  experi¬ 
ments  were  performed  in  order  ensure  that  the  observed  current  is 
exclusively  due  to  the  ORR.  SS  polarization  curves  for  the  ORR  were 
measured  on  the  K-MoCoPO  films  in  02-saturated  0.5  M  H2S04 
using  potentiostatic  steps.  Chronoamperometric  curves  at  constant 
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Fig.  8.  (a)  Chronoamperometric  curves  of  a  K-MoCoPO  film  electrodeposited  on 
a  GC  RDE  (£d  =  -1.2V,  td  =  5min)  at  different  potentials  in  0.5  M  H2SO4  solutions 
(co=  1500rpm).  Down  and  Up  arrows  indicate  the  point  where  the  saturating  gas 
was  switched  from  O2  to  N2  and  from  N2  to  O2,  respectively.  E  (V  vs.  RHE)  =  0.925  (i), 
0.875  (ii),  0.8  (iii),  0.275  (iv),  0.075  (v),  0.025  (vi).  (b)  Steady-state  ORR  polarization 
curves  measured  on  K-M0C0PO  (circles),  K-MoPO  (squares)  and  GC  (diamonds)  in 
0.5  M  H2SO4  saturated  with  02  (1  atm). 


E  vs.  RHE/V 

Fig.  9.  Steady-state  ORR  polarization  curves  measured  in  0.5  M  H2SO4  saturated 
with  02  (1  atm)  on  GC-supported  electrodeposited  K-M0C0PO  as-prepared  (circles), 
treated  at  200  °C  (diamonds),  400  °C  (squares)  and  600  °C  (triangles). 

overpotential  increases  and  the  limiting  current  is  not  longer 
observed.  This  result  confirms  that  the  thermal  treatment  causes 
a  modification  of  the  film  chemical  structure  that  completely 
changes  its  ORR  activity.  As  it  was  detected  by  XPS  analysis,  this 
modification  could  be  associated  with  the  thermally  induced  trans¬ 
formation  of  the  Mo(V)-containing  phase.  Upon  increasing  the 
temperature  up  to  400  °C,  the  overpotentials  to  measure  significant 
ORR  currents  are  slightly  lower.  This  observation  may  be  associated 
with  an  increase  of  the  electroactive  area  as  it  was  observed  by  AFM 
and  cyclic  voltammetry.  The  ORR  activity  verified  on  films  treated 
at  600  °C  was  much  lower  probably  due  to  the  damage  caused  to 
the  film  by  the  heating  at  this  high  temperature. 


potentials,  such  as  those  shown  in  Fig.  8a,  were  measured  during 
the  saturation  with  02  of  a  solution  that  was  previously  deareated 
with  N2,  or  vice  versa.  From  these  curves,  the  SS  ORR  currents 
at  each  potential  were  calculated  as  the  difference  between  the 
current  in  02-saturated  solution  and  the  current  in  N2-saturated 
solution.  Thus,  SS  background-subtracted  ORR  polarization  curves 
were  measured  in  this  way,  which  are  presented  in  Fig.  8b.  Simi¬ 
larly  to  what  was  observed  in  the  CVs  of  Fig.  7b,  SS  ORR  currents 
were  detected  on  the  K-M0C0PO  film  from  potentials  as  high  as 
0.95  V  vs.  RFIE  ( rj  =  -0.28  V).  However,  upon  decreasing  the  poten¬ 
tial  the  current  density  seems  to  reach  a  constant  limiting  value 
much  smaller  than  the  mass-transport  limiting  current  (jL)  and 
independent  of  the  rotation  rate.  This  could  be  a  kinetic  limiting 
current  that  is  originated  when  a  chemical  reaction,  i.e.  the  dis¬ 
sociative  adsorption  of  oxygen  on  the  active  sites,  is  the  reaction 
rate  limiting  step.  This  behavior  was  observed  in  recent  ORR  stud¬ 
ies  on  platinum  performed  under  high  mass-transport  conditions 
[30].  Notwithstanding,  a  limiting  current  density  smaller  than  jL 
and  almost  independent  of  the  rotation  rate  can  also  be  verified 
when  the  active  sites  are  highly  dispersed  over  the  surface  occupy¬ 
ing  a  very  small  fraction  of  active  area  [31  ].  In  this  case  the  active 
sites  behave  as  individual  nanoelectrodes  and  establish  a  mass- 
transport  limiting  current  that  is  defined  by  their  sizes  and  surface 
coverage. 

Fig.  8b  also  presents  SS  ORR  polarization  curves  measured  on 
K-MoPO  films  and  on  bare  glassy  carbon.  These  curves  show  that 
much  larger  overpotentials  are  required  to  obtain  appreciable  cur¬ 
rent  for  the  ORR.  From  this  point  of  view,  the  ORR  response  of  the 
K-M0C0PO  electrocatalyst  clearly  stands  out  from  that  observed  on 
K-MoPO  films. 

The  ORR  polarization  curves  of  K-M0C0PO  films  that  were 
thermally  treated  (Fig.  9)  indicate  a  strong  effect  of  the  tem¬ 
perature  on  the  apparent  ORR  activity  of  the  film.  A  thermal 
treatment  at  200  °C  modifies  the  film  activity  in  a  way  that  the  ORR 


3.3.3.  Peroxide  reduction 

One  of  the  main  concerns  associated  with  the  operation  of  ORR 
electrocatalysts  is  related  to  the  reaction  products,  since  hydrogen 
peroxide  can  be  an  undesired  aggressive  byproduct.  The  quantifi¬ 
cation  of  the  amount  of  H202  that  is  generated  during  the  ORR 
is  optimally  carried  out  using  a  generator-collector  configuration, 
such  as  the  rotating  ring-disk  electrode  [32]  or  the  scanning  elec¬ 
trochemical  microscope  [33].  However,  as  the  sensitivity  of  these 
methods  rely  on  collection  efficiencies  respect  to  the  electrode 
current,  in  this  case  the  collecting  current  should  be  almost  unde¬ 
tectable.  Another  indirect  way  to  obtain  evidences  on  possible 
production  of  H202  is  to  test  the  activity  of  the  material  for  H202 
reduction  (HPRR)  [9].  The  H202  generated  as  a  product  of  the  ORR 
will  be  reduced  at  the  electrode  surface  in  the  potential  range 
where  the  electrode  is  active  for  the  HPRR.  For  this  reason  the 
HPRR  activity  of  the  K-M0C0PO  film  was  evaluated  in  this  work  by 
cyclic  voltammetry.  Fig.  10  shows  CVs  of  K-M0C0PO  films  in  0.5  M 
H2S04  solutions  containing  different  H202  concentrations.  A  reduc¬ 
tion  current  proportional  to  the  H202  concentration  is  observed 
over  the  potential  range  E<  0.85  V  vs.  RHE  due  to  the  reduction 
of  H202  to  water.  In  addition,  an  oxidation  current  with  similar 
trend  is  observed  from  E  >  0.85  V  vs.  RHE,  which  is  most  likely  due 
to  oxidation  of  H202  to  oxygen.  Thus,  the  mixed  potential  for  H202 
decomposition  [34]  is  approximately  0.85  V  vs.  RHE.  Therefore,  tak¬ 
ing  into  account  that  the  reduction  of  H202  to  water  proceeds  on 
this  material  for  E  <  0.85  V,  water  should  be  the  product  of  the  ORR 
over  the  whole  potential  range  where  ORR  activity  was  observed. 

3.3.4.  Alcohol  tolerance 

Even  though  a  systematic  study  of  the  tolerance  of  this  material 
to  alcohol  poisoning  is  too  premature,  a  quick  test  of  ORR  activity  in 
presence  of  varied  amounts  of  methanol  was  carried  out  by  cyclic 
voltammetry.  No  effect  of  methanol  in  concentrations  up  to  0.05  M 
was  observed  on  the  measured  ORR  currents. 
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Fig.  10.  Cyclic  voltammograms  of  a  K-MoCoPO  film  electrodeposited  on  a  GC  RDE 
(Ed  =  -1.2  V,  td  =  5  min)  in  0.5  M  H2SO4  saturated  with  N2  containing  0  (a),  0.055  (b) 
and  0.11  (c)  M  H2O2.  Scan  rate  =  lOrnVs-1.  co  =  1500 rpm. 

3.3.5.  Film  stability 

The  topographical  and  chemical  properties  of  the  films  were 
analyzed  after  they  were  used  as  catalysts  for  the  ORR  in  acid 
medium.  The  film  can  barely  be  detected  by  optical  examina¬ 
tion  since  it  is  a  thin  transparent  coating.  However,  SEM  analysis 
(Fig.  11a)  permits  to  visualize  the  presence  of  a  thin  layer  that  shows 
signs  of  partial  erosion.  This  layer  is  full  of  craters  with  dimensions 
ranging  from  the  nanometers  to  the  micrometers.  The  analysis  by 
AFM  (Fig.  lib)  shows  that  at  the  nanoscale  the  film  is  mostly  com¬ 
posed  by  a  smooth  thin  layer  that  extends  over  the  surface  as  a 
mesh.  This  layer  was  already  detected  by  AFM  on  the  unused  film. 
Some  isolated  nanometer  particles  are  also  detected. 

The  analysis  by  EDX  (Fig.  12a)  revealed  that  most  of  the  cobalt 
was  removed  from  the  film  during  operation  in  acid  medium.  The 
atomic  ratios  of  P:Mo:K  estimated  by  EDX  were  in  the  order  of 
1:2:4,  indicating  a  dilution  of  P  and  Mo  respect  to  the  unused  film. 
This  evidence  points  out  that  a  cobalt  phosphomolybdate  phase 
dissolves  in  acid.  It  is  remarkable  that  even  tough  most  of  the  Co¬ 
containing  phases  are  removed  from  the  film,  cobalt  is  required  to 
obtain  an  active  Mo-phosphate  based  catalyst.  The  analysis  by  XPS 
(Fig.  12b)  indicates  that  at  the  surface  these  elements  remain  in 
the  same  oxidation  state  than  in  the  untreated  film,  and  the  pres¬ 
ence  of  Mo(VI)  and  Mo(V)  can  still  be  observed.  Besides,  a  very 
weak  signal  is  detected  over  the  Co  2p3/2  energy  range,  suggesting 
the  presence  of  very  small  amounts  of  this  element.  These  results 
point  out  that  the  final  material  that  was  evaluated  for  the  ORR  is 
mostly  composed  by  an  amorphous  potassium  phosphomolybdate. 
This  material  is  probably  similar  to  the  known  polymeric  structures 
based  on  anionic  Mo(VI)-0  clusters  cohered  by  potassium  [12,35]. 
However,  the  film  also  contains  small  amounts  of  Mo( V)  and  even 
smaller  quantities  of  Co(II).  These  elements  may  be  distributed 
either  as  clusters  of  a  stable  reduced  molybdenum  phosphate  phase 
[22,36]  or  as  a  mixed  valence  phase  [37]. 

3.3.6.  Possible  reasons  for  the  observed  ORR  activity 

The  small  fraction  of  Mo(V)  and  the  small  ORR  currents  observed 
at  the  lower  overpotentials  are  two  independent  evidences.  They 
indicate  that  the  ORR  proceeds  at  low  overpotentials  on  Mo(V)- 
containing  sites.  Besides,  films  that  contain  only  Mo(VI)  such  as  the 
K-MoPO  and  the  K-M0C0PO  thermally  treated  presented  a  com¬ 
pletely  different  ORR  behavior.  Thus,  as  the  ORR  current  may  be 
mainly  limited  by  the  low  availability  of  these  active  sites,  a  possible 
way  to  increase  the  ORR  performance  would  be  to  increase  the  frac¬ 
tion  of  Mo(V).  On  this  sense,  from  the  characterization  of  the  film 
before  and  after  use  it  is  clear  that  the  deposition  process  is  far  from 
being  selective.  At  any  Fd  value  below  -0.6  V  vs.  SCE  the  catalyst 
layer  grows  by  direct  reduction  of  Mo(VI)  to  reduced  molybdenum 
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Fig.  11.  SEM  micrograph  (a)  and  AFM  images  (b)  of  a  K-MoCoPO  film  electrode- 
posited  on  GC  (Ed  =  -1.2  V,  td  =  5  min)  after  ORR  test  in  0.5  M  H2SO4. 

phosphate  phases.  However,  most  of  this  material  either  dissolve 
in  acid  or  stay  in  the  electrode  film  as  re-oxidized  Mo(VI)-based 
material.  It  is  also  possible  that  the  deposition  of  species  containing 
Mo(  V)  is  promoted  only  on  certain  carbon  surface  moieties  as  it  was 
previously  reported  [27,38].  Attempts  are  being  made  to  develop  a 
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Fig.  12.  EDX  (a)  and  XPS  (b)  spectra  of  K-MoCoPO  film  electrodeposited  on  GC 
(£d  =  —1.2  V,  td  =  5min)  after  ORR  test  in  0.5  M  H2SO4.  In  (b)  dots  are  experimental 
points  and  solid  lines  are  theoretical  spectra  composed  of  peaks  fitted  to  Gaussian 
functions  (dashed  lines). 


more  selective  deposition  method  both  by  changing  the  pH  of  the 
deposition  solution  and  by  using  pulsed  deposition  techniques. 

4.  Conclusions 

This  work  demonstrates  that  films  containing  Mo(V)-based 
phosphates  obtained  by  electrodeposition  can  function  as  stable 
and  active  electrocatalysts  for  the  oxygen  reduction  reaction  in 
acid  media.  Electrodeposition  of  films  based  on  molybdenum  phos¬ 
phates  can  be  carried  out  from  potassium  phosphate-containing 
solutions  of  Mo(VI)  and  other  transition  metal,  for  instance  Co(II). 
The  films  obtained  in  potassium  phosphate  buffer  at  pH  =  7  at 
potentials  lower  than  -0.6  V  vs.  SCE  are  constituted  by  several 
phosphate-based  phases.  Most  of  these  phases  are  Mo(VI)-based 
compounds,  presumably  amorphous  structures  based  on  multin- 
uclear  Mo— O  clusters  polymerized  via  Mo— O— Mo  and  phosphate 
linkages.  Some  of  these  phases  dissolve  in  acid.  However,  the  most 
interesting  and  valuable  fraction  of  the  film  is  composed  by  a  dis¬ 
perse  Mo(V)  phosphate  phase.  This  phase  is  able  to  electro-reduce 
oxygen  from  overpotentials  as  low  as  -0.3  V.  The  amount  of  this 
active  phase  that  is  obtained  by  the  described  electrodeposition 
procedure  is  very  small,  so  is  its  contribution  to  the  total  elec¬ 
trode  current.  Notwithstanding,  even  when  the  material  described 
in  this  work  is  still  unpractical,  the  presented  study  highlights  the 


high  potentiality  of  these  reduced  molybdenum  phosphates  for  the 
ORR.  The  key  issue  for  future  improvements  is  the  specificity  of  the 
method  used  for  the  synthesis,  which  should  be  optimized  to  yield 
a  larger  amount  of  Mo(V)-containing  phase.  On  this  sense,  the  elec¬ 
trodeposition  technique  should  be  modified,  or  chemical  methods 
such  as  hydrothermal  synthesis  could  be  employed. 
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